Introduction
An emulsion is made up with two immiscible liquids, for example, oil and water. One liquid is dispersed as droplets the internal phase or dispersed in the other phase continuous or external phase 1 . In food industry, emulsion is very common and it includs two types, milk, cream, salad dressing and mayonnaise are oil-in-water emulsion, margarine and butter are water-in-oil emulsion. Emulsion is a thermodynamic unstable system effected by a variety of physicochemical mechanisms and tends to break down over time. Emulsifier, such as soy protein isolate, can adsorbed onto the droplets surface, lowering interfacial tension, forming viscoelastic films at the oil-water interface, reducing the influence of particle migration or particle size change thereby improving the physical stability 2 4 .
Soy protein isolate SPI has a protein content above 90 and is mainly made up with globulin 11S and β-conglycinin 7S . SPI has attracted considerable attention and is widely used in food products due to its excellent functional properties solubility, foaming properties, waterbinding capacity, emulsification and water-holding capaci-fluid is forced through some micrometers orifice, the fluid accelerates to a very high velocity during passing a very short distance, and the fluid is disrupted particles down to the submicron range undergoes the effect of cavitation, shear and turbulence, which take place at the outlet of the value gap 13, 14 . HPH plays an important role in preparation and stabilization of emulsion. During the process of HPH, the natural structure and many processing characteristics of the protein have changed. Wang et al. 15 found that protein structure was more stretched, subunit appeared dissociation and reunion after HPH, thereby the solubility and emulsifying properties of globulin were remarkably improved. Xu et al. 16 pointed that there was a positive correlation between the flexibility of SPI and emulsifying properties under the condition of HPH, HPH could improve the emulsifying properties of SPI. A result got by Hebishy et al. 17 showed that the HPH together with sodium caseinate has the ability to produce emulsions which are physically stable against coalescence and creaming with reduced particle size. Fernandez-Avila et al. 18 investigated the effect of HPH from 100 to 300 MPa compared to conventional homogenization at 15 MPa oxidative stability of emulsions stabilized by SPI, and found that HPH technology was a suitable method to produce emulsions with a higher oxidative stability. Hebishy et al. 19 had finished a similar study that explored the effect of HPH on oxidative stability of WPI emulsions, and got a similar result. Although several researchers have studied the effect of HPH on structure, physical stability, only some researchers have studied the interfacial properties and oxidative stability 20, 21 . Except that, they often selected 100 MPa or bigger pressure as the interval and there is not much comprehensive evidence to associated HPH function with the properties changes of emulsions. In this paper, we have set 20 MPa as an interval to investigate the all-sided effect of HPH on the structure, interfacial properties and oxidative stability of oil-in-water emulsion stabilized by SPI.
Materials and methods

Materials
Soybean was obtained from the Northeast agricultural university Soybeans Research Institute Heilongjiang, China . Soybean oil was purchased from Jiusan Company Heilongjiang, China . All other chemicals used were of analytical grade.
Preparation of emulsions 2.2.1 Preparation of SPI
According to the method adapted from Sorgentini et al. 22 . Soybean was crushed and passed through a 60 mesh sieve to obtain soy flour. The resulting soybean flour was defatted by extracting with ether according to the soxhlet method. SPI was prepared from defatted soy flour by alkalisolution and acid-isolation and the protein content determined by kjeldahl determination methods was 90.22 0.44 W/W N 6.25 .
Preparation of SPI stock solution
The SPI stock solution 0.5 w/v was prepared by dispersing the SPI powder in phosphate buffer solution 0.2 mol/L, pH 7.0 and was stirring for 2hours at room temperature 25 . The stock solution was stored overnight at 4 to allow protein hydration completely.
Homogenization treatments
After hydration, SPI stock solution and soybean oil were equilibrated at 25 before blending. Pre-emulsions were prepared by mixing 400 mL 0.5 w/v SPI stock solution and 100 mL soybean oil content of oil is 20 using an Ultra Turrax model T18 homogenizer IKA, Germany for 1min at 10800 rpm. The pre-emulsions were further homogenized at 40, 60, 80, 100, 120, 140, 160, 180 and 200 MPa once by high-pressure homogenizer APV-2000, UK .
After that, the temperature of the emulsions at the outlet was measured.
Emulsifying activity EAI and emulsion stability ESI
The EAI and ESI were measured based on the method described by Tang et al. 23 . The SPI samples treated by HPH were diluted to 2 mg/mL, and mixed with soybean oil at a volume ratio of 3:1, then the protein dispersion was homogenized at 10800 rpm for 1 min. At 0 min and 10 min, 50 μL samples were collected from the bottom of the emulsions were quickly added into 5 mL 0.1 SDS solution, fully mixed on a vortex mixer, the absorbance at 500 nm were measured by UV-visible spectrophotometer and the emulsifying activity EAI was expressed by the absorbance A 0 , ESI was calculated by the following equations: 24 with modification. In this study, 12 resolving gel and stocking gel were used. The protein sample was diluted to 5 mg/mL, the protein sample mixed with loading buffer at 4:1, and the amount of the sample was 10 μL. The water was bathed in a water bath at 100 for 3 min before electrophoresis. When the electrophoresis started, the set voltage was 90 V. After the sample enters the separation gel, changed the voltage to 120 V. When the strip runs to the bottom of the separation gel 1 cm, the power is turned off, and the film is taken out and stained with Coomassie brilliant blue staining solution for 20 min, and decolorized with methanol-glacial acetic acid until liquid transparent.
Fourier transform infrared spectroscopy FTIR
The protein samples treated under different HPH pressure were freeze-dried. Mixing 2 mg freeze-dried samples with 200 mg KBr, then pressed the mixed powder in KBr windows to form a solid thin film at room temperature before measurement. A Fourier transform infrared spectrometer was used to full-band 4000-400 cm 1 scanning, resolution was set to 4 cm 1 , the number of scans was 32
times. The PeakFit 4.12 software was used to fit and analysis the dates and the secondary structure content of the protein was calculated.
Optical microscope
The emulsions microstructure was examined under an optical microscope. Emulsions were gently agitated in a glass test tube before analysis to ensure that they were uniform. A few drops of emulsions were put on a glass slide and fully covered with a cover slid. The microscope magnification of 100 was employed.
Rheological measurement 2.8.1 Apparent viscosity
The apparent viscosity of emulsions was analyzed using a rotary rheometer Discovery, America with a 40 mm diameter paraller plate at 25 . The shear rate was ranging from 0.01 to 100 S 1 , the number of sampling point was 30, the point was 5S, and the balance time is 1 min. Samples were held at room temperature 15 min integration before measurements, then aspiration 2 mL of emulsions to the clamp gap and the perimeter were covered with a thin layer of silicone oil to prevent the sample dehydration.
Elastic modulus and viscous modulus
The Elastic modulus and lost modulus were measured by a rotary rheometer Discovery, America with a 40 mm diameter paraller plate. Frequency sweep tests 0.1-10 Hz were carried out in the linear regime, at constant strain 0.5 at 25 .
2.9 Analysis of lipid oxidation 2.9.1 Peroxide value Emulsions were storage in incubator at 50 for 12 days to promote the process of oxidation. The samples were taken every two days and peroxide value were determined. The peroxide value of the SPI-stabilized emulsions were evaluated by the method according to Shao et al. 25 , with a few modifications. In brief, 0.2 mL emulsions were mixed with 1.5 mL isooctane/isopropanol 3:1, v/v by vortex. The mixtures were centrifuged at 3400g for 2 min. Then the organic solvent phase which collected by centrifugation were mixed with 2.8 mL methanol/ determine the secondary oxidation products, thiobarbituric acid-reactive substances TBARs . In brief, 3 mL emulsions and 6mL of trichloracetic acid TAC reagent 7.5 , w/v were mixed in test tubes by vortex. The 1 μm microporous membrane were used to filtered the resultant mixtures after 20 min the TCA addition. 2 mL filtered and thiobarbituric acid TBA reagent 0.8 , w/v were placed in test tubes and mixed by vortex. The resultant mixtures were heated in a water bath 95 for 15 min, and then cooled in an ice-bath to reduce the reaction process. The absorbance of the final extracts was recorded at 532 nm. The TBARS concentration mmol/L of emulsion was determined according to a standard curve with 1, 1, 3, 3-tetraethoxypropane.
Statistical analysis
All experiments were determined in triplicate and results were expressed as means standard deviations. The variance ANOVA of date was carried out by SPSS 19 Statistical software followed by Duncan s Multiple Range Test p 0.05 . The date of Fourier transform infrared spectroscopy were fitted and analyzed using The PeakFit 4.12 software. Origin 9 software was applied to figure drawing.
Results and discussion
The temperature of the emulsions at the outlet
The temperature of the emulsions at the outlet were measured after HPH and it increase 2 5 per 20 MPa from the pressure 0. 27 . During the process, emulsions undergo deformation, droplets break up, SPI adsorb to the interface formed between phases and collision, and possible recoalescence of oil droplets 28 . The increase of temperature during HPH was contributed to the fluid passes through the value gap quickly and multiple forces work together, multiple forces were transformed into thermal energy, which contained high turbulence, shear, cavitation forces and kinetic energy 14, 20 . Table 1 . When the homogenization pressure was not more than 160 MPa, the emulsifying activity increased with the increase of homogenization pressure, and got maximum at 160 MPa, increased by 114 , then the emulsifying activity showed a downward trend. The change of the emulsion stability with the homogenization pressure was similar to the emulsifying activity with the homogenization pressure. When the pressure was 180 MPa, increased by 125 , the emulsion stability was highest. Adsorbed protein percentage is an important parameter to characterize the stability of emulsion that, in general, the higher the concentration of the interface protein, the stabler the emulsion was 25 . The result of the adsorbed protein percentage was consistent with the result of the emulsifying properties. This indicated that there was a correlation between emulsion interface protein concentration and protein emulsifying ability. In this study, the result might attribute to the changes of structure and flexibility. Undergo the HPH process, flexibility of SPI was enhanced, SPI spatial structure was unfolded, and the hydrophobic group originally contained inside of the molecule was exposed, which enhanced the lipophilicity of the protein, thereby improving the efficiency of SPI adsorbed to the oil-water interface, the macroscopic performance is an improvement in protein emulsifying ability 16 . Similar results were also observed for peanut protein 29 , lupin protein 30 , whey protein 31 and hazelnut meal proteins 32 .
Emulsifying proper ties and adsorbed protein percentage
When the pressure reached a certain threshold, the thermal generated by HPH was increased, and mechanical effect and the thermal effect interact to cause the protein to be denatured, which reduced surface hydrophobicity and emulsifying properties was lowered. Subirade et al. 33 found that the tertiary structure of β-lactoglobulin changed significantly and the emulsification properties of the protein were significantly improved after HPH. Puppo et al. 34 also confirmed that HPH could be used to produce the emulsions with higher percentage of adsorbed proteins, smaller droplet size and better emulsifying activity.
3.3 Polyacrylamide gel electrophoresis SDS-PAGE of SPI SDS-PAGE was employed to observe the change in protein molecular weight after treated by HPH and the results are summarized in Fig. 1 . As seen, all samples showed five bands obviously A, B, α, α and β. When the emulsions were homogenized from 40 MPa to 140 MPa, there are lower molecular weight protein A and B, no formation of high molecular weight protein aggregates. Under the condition of HPH, partial SPI unfolding and exposing reactive sulfhydryl groups which could have an interchange reactions with disulfide between protein molecules adsorbed at the interface, thereby the surface viscosity of the 31 who study on the effect of high pressure homogenization on functional of hazelnut meal proteins have account for that the slightly decreased of protein band intensity could be related with decreasing solubility of proteins, when homogenization pressure increased to 150 MPa.
FTIR
As shown in Table 2 , the secondary structure of the untreated sample is mainly β-sheet. For the HPH treated samples, as the homogenization pressure increases, the content of β-sheet and β-turn gradually increase, and the random coil also has an increasing trend, the α-helix structure showed a decreasing trend which is the most abundant and stable structure in the protein molecule, and it has a tight cavity-free structure. The existence of α-helix is not conducive to change the structure of SPI 37 . The presence of β-sheet, β-turn and random coil structures is beneficial to increase the flexibility of SPI. Therefore, the effect of HPH makes the spatial structure of soybean protein molecules more stretched, which is consistent with the structure of ultraviolet scanning spectroscopy and endogenous fluorescence spectroscopy put forward by Xu 16 .
Microstructure and emulsions
The microstructure of the protein emulsions after different HPH was shown in Fig. 2 . The combination of untreated protein and the oil phase was not tightly, and oil phase quickly aggregates to form droplets. The emulsion is unstable. As the homogenization pressure increased from 40 MPa to 140 MPa, the droplet size decreased and emulsions showed more uniform with no obvious oil drops. This was attributed to the fact that when the homogenization pressure was increased, emulsions undergo more intense turbulence, shearing, and cavitation, making protein easier to enter the oil-water interface, thereby making the protein and oil droplets more tightly combined and increasing the stability of emulsions. There are some large aggregates were observed in these emulsions as the homogenization pressure increased from 160 MPa to 200 MPa, it due to the internal heat generation during high pressure homogenization, the temperature of the material outlet increased, some protein aggregated and obvious oil drops appeared. The results of the optical microscope are consistent with the results of SDS-PAGE and FTIR, they all showed the effect of HPH on protein structure.
Rheological of emulsions 3.6.1 Apparent viscosity
Viscosity reflects the rheological properties of a liquid material, which is a characteristic of the intermolecular attraction in a liquid or fluid. The viscosity of the emulsion is largely influenced by the hydrodynamic properties of the protein components such as relative molecular mass, size, axial ratio, hydration and friction ratio, and molecular shape. The shape of the protein molecule is the most important factor affecting the viscosity of the protein solution 38 . Figure 3 shows apparent viscosity of various emulsions of non-treated or HPH-treated SPI. The emulsions obtained with the untreated SPI and at low homogenization pressure 40 MPa showed Newtonian flow behavior with quite low viscosity, less than 5 Pa.s, because there is no interaction between particles. After the emulsions treated by different HPH pressure above 40 MPa, they showed a clear shear thinning behavior, the apparent viscosity of the emulsions decreased rapidly with the increasing of the shear rate, then gradually becomes gentle, emulsions presented pseudoplastic fluid. That was related to the change of SPI size and the properties of SPI molecules 39 . After HPH, it is found that the average particle size of SPI emulsion was significantly reduced. As the shear flow rate increased, the hydrophilicity of the protein agglomerate particles surface increased, forming a hydration ball , reducing the hooking of each other, reducing the resistance of the solution flow, the solution appeared shear thinning behavior. At the same shear rate, the apparent viscosity of emulsions increased with the increasing of HPH pressure and reached the maximum when the HPH pressure was 120 MPa, which could be explained by an increase in droplet interactions. According to the Stokes law, the sedimentation velocity of the droplet is inversely proportional to the viscosity, that is, the greater the viscosity of the emulsion, the slower the velocity of the droplets in the dispersed phase, and more stable emulsion formed. The result 
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is consistent with the results of Fernándezávila et al. 27 .
During the process of HPH, covalent or non-covalent bonds such as hydrogen bonds, hydrophobic interactions, and electrostatic interactions can be disrupted, that could degrade the aggregation of SPI molecule and network structures. Thus, the flow properties of protein molecule increased with the increased HPH pressure.
Elastic modulus and viscous modulus
Elastic modulus storage modulus G is an elastic energy stored in the sample, which is a measurement of the elasticity of the sample. The viscous modulus loss modulus G indicates the amount of energy lost in the sample, which can be used to measure the viscosity characteristics of the sample 40 . Rheological measurement of SPI emulsions were showed in Fig. 4 . All emulsion s G are larger than G , it means that the elastic properties of SPI emulsions prepared at different homogenization pressures were dominating the viscous, typical solid-like behavior was evident. No gelation or gel point was detected during the frequency sweep, which illustrated the dispersions were already in a weak gel state 41 . There are significant increase in both G and G with increasing frequency which indicated a significant interfacial interaction among the SPI molecules. This might attribute to that as the shear frequency increases, the protein structure gradually unfolds, exposed the hydrophobic groups in the interior of the molecule. The higher the level of hydrophobicity is, the higher the intermolecular force is. The elastic modulus is a force that resists the deformation of it, so the greater the intermolecular force, the greater resistance was and the larger G . The viscous modulus refers to the amount of energy lost by viscous deformation of the sample, thereby the greater the intermolecular force , the more energy were lost, and the larger G . We also could see that as the pressure increases, there are larger G and G . This reason for that is still related to the level of hydrophobicity.
3.7 Oxidative stability of SPI emulsions 3.7.1 Peroxide value The oxidative stability of SPI emulsions were monitored by measuring the lipid peroxide value primary reaction products and TBARs secondary oxidation . During the storage of the emulsions, the peroxide value of the protein emulsions gradually increased. As it can be seen from Fig.  5 , in the first 6 days of storage, the peroxide value of the emulsions treated by HPH was lower than the emulsion stabilized by untreated protein, which means that HPH could provide a protection to hold back emulsions oxidation. After the 6th days, the protection was reduced. Malaki et al. 42 reported that the homogenization equipment has an influence on the adsorption of SPI in particular glycinin and β-conglycinin , which lead to different interfacial compositions. For protein emulsions, the protein directly in contact with the lipid phase adsorbed SPI with the interfacial area, formatting a relatively thick viscoelastic interfacial films, and protein also could chelation of metal ions, except that free radicals can be scavenged by protein 43 .
These lead to that protein has the capacity of antioxidant, and the higher pressure is, the smaller the oil droplets are, there are greater antioxidant efficiency of the emulsions 44 .
As the pressure increased to 120 MPa, the peroxide value increased slowly, it is might attribute that the higher pressure allowed more protein to adsorb to the surface of the emulsion droplets where it could more effectively scavenge free radicals and protect the emulsion better. Similar results were observed by O Dwyer et al. 45 , who researched that sodium caseinate was used as an emulsifier, emulsify with different oils sunflower, camelina and fish . In their study, when the pressure ranged form 21 to 138 MPa, the Fig. 4 The curves of the interface elastic modulus with the frequency under different homogenization pressure conditions. oxidative stability of emulsions was increased. Increasing the homogenization pressure to more than 120 MPa, there is a negative effect on the oxidative stability of emulsion. There are maybe two reasons. First, the emulsions treated by HPH have the too small droplets and higher surface area, so more surface area was exposed to the interface O/ W and lipid oxidation was accelerated. Second, the high pressure lead to an over processing phenomenon, and the emulsifying properties of SPI was decreased which reduced the ability of SPI to protect the oil droplets from oxidation. 3.7.2 The secondary oxidation of emulsions In the case of secondary oxidation, the TBARs value of all emulsions was increased during the storage Fig. 6 . HPH-treated emulsions exhibited the highest oxidative stability in comparison to control emulsion with a lower TBARs value. It seemed that the HPH plays an important role in improving oxidative stability of emulsions. When the pressure ranged from 0.1 MPa to 160 MPa with same store days, the TBARs of emulsions decreased. Similar results were reported by Atarés et al. 46 who working on O/W emulsions formulated with sun-flower oil in the presence of the flavonoid rutin and whey protein as emulsifier also found that high-pressure homogenization, through droplet size reduction, stabilized the emulsions both against creaming and oil oxidation. In addition, the excess of proteins and hydrophobic residues caused by HPH in the aqueous phase of those emulsions might have decreased lipid oxidation, by interacting with metal ions, or by scavenging free-radicals and then decreasing lipid oxidation 18 . Increasing the homogenization pressure to 200 MPa, the efficiency of SPI protected the oil droplets was decreased. This may be due to SPI denatured and then do not play their stabilizing role.
Conclusions
This study evaluated the structure change, interficial properties and oxidative stability of SPI emulsions treated by different high pressure homogenization condition. Emulsifying properties, adsorbed protein percentage, SDS-PAGE, FTIR, microstructure, apparent viscosity, G , G , peroxide value and TBARs were measured to illustrate the effects about HPH. Results showed that the HPH can improved the interface properties of the SPI emulsions, with higher adsorbed protein percentage and emulsifying properties, when the homogenization pressure does not exceed 160MPa. Meanwhile the emulsions made by HPH have the ability to slow down the process of oxidation. The results of SDS-PAGE and FTIR are also consistent with changes in interface properties. HPH has proved to be an effective method for preparation of highly viscous and stable emulsions. This information provides a theoretical basis and technical guidance for manufacturers to formulate emulsions with better properties. μmol L 1 .
